Introduction
As for its low cost and satisfactory engineering properties, concrete is widely applied in the infrastructure construction in the world [1] [2] [3] . However, concrete is typically characterized as quasi-brittle and low tensile strength. When the concrete is loaded, the initially and discontinuous microcracks are appeared in this matrix, which limits the development of concrete science. The added micro-fiber can overcome these weaknesses and control the crack propagation effectively, which finally improved the mechanical and durability performance of concrete.
PAN fiber, shortened for Polyacrylonitrile Fiber, was a kind of synthetic fiber which made by acylonitrile copolymer. Recently, experimental tests have shown PAN fiber to have an average strength of 40 cN/dtex. Their high stiffness, tensile strength, chemical resistance, and electrical and thermal conductivity make them attractive for applying as reinforcement for specimens, including concrete materials. In the lastest decade, as a kind of green material for concrete, PAN fiber is considered as a promising candidate in a wide range of applications [4] [5] [6] [7] [8] . Xu et al. 9 studied the performance of fiber reinforced asphalt concrete (AC) under environmental temperature and water effects and he found that the fibers have significantly improved AC's rutting resistance, fatigue life, and toughness. The flexural strength and ultimate flexural strain, and the split indirect tensile strength (SITS) at low temperature have also improved. Yao & Feng 10 researched the durability of freezing/thawing resistance of polyacrylonitrile fiber reinforced concrete and the results indicated that the polyacrylonitrile fibers were of firm interface combined with concrete. The fibers have meshwork adjective function of resisting fatigue destruction. By adding suitable volume fraction of fibers, the durability of freezing/thawing resistance of concrete will be improved remarkably. Sun et al. 11 put the short polyacrylonitrile-based carbon fibers (0.2~2.0 wt.%) in concrete and tested the thermoelectric power (TEP) and conductivity. TEP in CFRC increases, with the content of short carbon fiber increasing from 0.2 to 1.0 wt.%. As the content of carbon fiber reaches 1.2 wt.%, TEP decreases abruptly. In the end, TEP is almost maintained marginally with increasing content of carbon fiber from 1.4 to 2.0 wt.%.
In this paper, the impact toughness, autogenous shrinkage, chloride penetration resistance, permeability resistance and abrasion resistance performance of prepared concrete reinforced with PAN fiber were researched. The PAN fiber volume concentration percentages of cement were 0, 0.5%, 1.0%, 1.5% and 2.0% by cement, respectively. Finally, MIP was used to characterize the pore parameters of PAN fiber reinforced concrete specimens.
Experimental

Materials
The used materials for concrete were Ordinary Portland cement (42.5R), natural river sand (fineness modulus of 2.9) and natural coarse aggregate (maximum particle size of 25 mm, 5~15mm is 30% and 15~25 mm is 70%). Ordinary Portland cement (42.5R) was provided by Anhui Conch Cement Co., Ltd., and the correspondingly parameters were shown in Table 1 October 5, 2015 In this paper, the impact toughness, autogenous shrinkage, chloride penetration resistance, permeability resistance and abrasion resistance performance of prepared concrete reinforced with Polyacrylonitrile fiber (PAN fiber) were researched. The PAN fiber volume concentration percentages of cement were 0, 0.5%, 1.0%, 1.5% and 2.0%, respectively. The results showed that with the addition of PAN fiber, the toughness and durability performance were improved. Compared to the reference sample, the impact energy was significantly improved. The absorbed energy prevent specimens from deterioration by the mechanisms of matrix cracking, PAN fiber/matrix interface debonding, fiber pull-out and fiber rupture. Meanwhile, the autogenous shrinkage, chloride penetration resistance, permeability resistance and abrasion resistance performance were improved. Mercury intrusion porosimetry (MIP) technique found that concrete with PAN fiber has a better pore characterization. Among these specimens, the maximum improvement was obtained with 1.0 vol.% PAN fiber. 
Keywords
Sample preparation
The detailed mix proportion of prepared PAN fiber reinforced concrete was shown in Table 3 . The water to cement ratio was 0.38 and the sand to aggregate ratio was 40%, respectively. The preparation procedures involved: (1) cement, natural river sand and natural coarse aggregate were poured into the laboratory concrete mixer and for 2 minutes' mixing; (2) adding PAN fiber for another 1 minutes' mixing; (3) adding the weighed water (including 0.8% PS) in 30 seconds; (4) the final mixing was applied in 2 minute; (5) casting the prepared PAN fiber reinforced paste into the shaped molds and a electric vibrator was used to ensure good compaction. All specimens were demolded after 1 day and cured in a standard environment condition in moist room with a temperature of 20±1 °C and relative humidity of not less than 95%.
Testing procedures
During the impact toughness test, a steel ball (4.5 kg), with no initial velocity, was dropped repeatly on the prepared PAN fiber reinforced concrete specimens of 457 mm height. The number of blows of first crack initiation and ultimate failure were recorded. The correspondingly equations were shown as follows:
Impact energy during each drop,
The autogenous shrinkage of PAN fiber reinforced concrete specimens was performed by specimens (100 mm×100mm×400 mm). The stainless steel gage studs were glued directly to the surface of the specimens maintaining a certain length. A length comparator was used to measure the distance during this procedure. From these measurements, the autogenous shrinkage was calculated.
Chloride penetration resistance performance of PAN fiber reinforced concrete specimens was performed on the cylindrical specimens with 50 mm height and 100 mm diameter. Firstly, the prepared PAN fiber reinforced concrete specimens were carried out for a saturation process for 24 hours, then fixed in the shaped molds. During this test, the 3.0% sodium chloride solution and 0.3 mol/L sodium hydroxide solution were used. After 6 hours' circular telegram process, the electric flux of PAN fiber reinforced concrete specimens was recorded. Permeability resistance performance of PAN fiber reinforced concrete specimens were tested by using cylindrical specimens (50 mm height and 100 mm diameter). One surface was exposed on water and they were weighed after 1, 5, 10, 20, and 30 minutes, 1, 2, 3, 4, 5 and 6 hours, and 1, 2, 3, 4, 5, 6, 7, 8 and 9 days 12 . A concrete abrasion device was used in abrasion resistance test with a speed of 200 r/min and exerting load force of 100 N [13] . Three 2-minute abrasion periods were repeated on the surface of each PAN fiber reinforced concrete specimens and the abrasion weight loss was weighed. Each test was performed on three replicated specimens.
An automated mercury porosimeter (AUTOPORE IV 9500 series, Micromertics Instrument Corp., USA), with two low-pressure stations plus one high-pressure station and a maximum pressure of 33,000 psia for measurements, was used to measure the correspondingly porosity and the pore size distribution. During this procedure, PAN fiber reinforced concrete specimens were soaked in ethanol for about 1 day to stop the cement hydration reaction, and then dried in an oven at 60 °C. 
Results
Impact toughness performance
A detailed impact toughness result was shown in Table 4 . As for a elastic brittle material, the first crack initiation and ultimate failure of reference sample were occurred simultaneously. Compared to the reference sample, a significant improvement in the number of blows for first crack initiation and ultimate failure was obtained from the PAN fiber reinforced concrete specimens. The improving in impact energy at first crack initiation and failure varied from 66.7% to 116.7% and 166.7% to 250.0%. The greatest impact toughness of the PAN fiber reinforced concrete specimens was gained by incorporating 1.0 vol.% PAN fibers, which obtained the maximum improvement of 250.0%. The introduced PAN fibers absorbed impact energy to prevent specimens from deterioration by the mechanisms of matrix cracking, PAN fiber/matrix interface debonding, PAN fiber pull-out and PAN fiber rupture 14, 15 . According to the lastest researches 16, 17 , fiber reinforcement can be used to improve both the fatigue and toughness performance of concrete. When post-cracked strength or toughness is the concern, concrete containing more fibers and fibers with higher tensile strength are desirable. Conversely, too many fibers prevent adequate consolidation and aggregate interlock, which negatively influences performance.
Autogenous shrinkage performance
Prior works indicate that cement and concrete materials are sensitive to the microcrack formation at early ages, as a result of the volumetric changes due to the development of high autogenous shrinkage stresses 18 . By controlling and delaying the crack formation, the added PAN fibers can effectively solve the autogenous shrinkage problems of concrete. The detailed autogenous shrinkage results of PAN fiber reinforced concrete specimens were shown in Figure 1 . Obviously, It could be found that the addition of PAN fibers limit the correspondingly autogenous shrinkage values. The shrinkage development is known to the proportional to the amount of the fine pores in the binder at early ages and a higher percentage of fine pores in matrix increase the risk of the development of autogenous shrinkage 19, 20 . With the incorporation of PAN fibers, a magnificent 21.7%, 39.1%, 26.1% and 17.4% reduction of the autogenous shrinkage was obtained. The addition of PAN fibers improved the pore parameters and concentrated the matrix, which finally resulted a lower shrinkage strain.
Chloride penetration resistance performance
The detailed chloride penetration resistance performance of PAN fiber reinforced concrete specimens was shown in Figure 2 . The electric flux of reference sample was about 2540 C. However, the correspondingly electric flux was decreased by addition of PAN fibers in concrete matrix. With the increasing volume concentration percentages of PAN fibers, the electric flux of PAN fiber reinforced concrete was decreased and reached to a minimum value for 1.0 vol.% PAN fibers reinforced concrete sample, then started to increase. The added PAN fiber improved the pore parameters and concentrated the matrix, which finally improved the chloride penetration resistance performance of PAN fiber reinforced concrete specimens 21, 22 . Moreover, Tuan et al. 23 found the results of electrical resistivity, chloride ion penetration and ultrasonic pulse velocity tests confirmed that HSFR-SCC had enough endurance against deterioration, lower chloride ion penetrability and minimum reinforcement corrosion rate.
Permeability resistance performance
The detailed permeability resistance performance, i.e. permeability depth, was recorded in Figure 3 . Compared to the reference sample, the PAN fiber reinforced concrete specimens have a lower permeability depth, which showed a relatively lower permeability rate. The pore parameters were improved and the specimens matrix became compacted after introduction of PAN fibers into the matrix. Finally, the correspondingly permeability resistance performance were enhanced. Compared to the permeability depth of reference specimen (2.67 mm), the permeability depth of PAN fiber reinforced concrete specimens were lower by 12.7%, 27.7%, 19.8% and 9.0%, respectively.
Abrasion resistance performance
The detailed abrasion weight loss was recorded in Table 5 . With the increasing volume concentration percentages of PAN fibers, the abrasion weight loss decreased to the minimum value, and then started to grow. This trend was similar with the result of the tests above. The calculated abrasion weight loss of each PAN fiber reinforced concrete was 18.0, 16.3, 12.9, 14.7 and 15.9 g, respectively 24 . Compared to reference specimen, the abrasion weight loss of PAN fiber reinforced concrete specimens were lower by 9.4%, 28.3%, 18.3% and 11.7%, respectively.
Pore parameter analysis
MIP technique was widely used to analyze the pore parameters in concrete science, e.g., porosity, average pore diameter and pore diameter 25, 26 . The detailed of pore characterizations summarized in Table 6 . Figure 4 shows the variation of log differential intrusion (mL/g) with pore size diameter (nm), and the points of inflection represent where clusters of pores of a particular diameter occur. It can With the added PAN fiber in concrete matrix, the pore size was concentrated, which was reflected in average pore diameter area. Compared to reference specimen, the average pore diameter of PAN fiber reinforced concrete specimens were lower by 18.7%, 58.0%, 36.3% and 18.4%, respectively.
As a kind of porous material, concrete material possesses a worse frost resistance performance for its weaker pore characterization. The added PAN fiber with a certain content improve the pore parameters of these PAN fiber reinforced concrete specimens. Ultimately, the toughness and durability performance of these specimens are improved, including autogenous shrinkage, chloride penetration resistance, permeability resistance and abrasion resistance performance.
Conclusions
In this paper, the impact toughness, autogenous shrinkage, chloride penetration resistance, permeability resistance and abrasion resistance performance of prepared PAN fiber reinforced concrete were researched. The PAN fiber volume concentration percentages of cement in concrete matrix were 0, 0.5%, 1.0%, 1.5% and 2.0%, respectively. Compared to the reference sample, the added PAN fiber improved the toughness of concrete. During the crack propagation process, the absorbed fracture energy was provided by the mechanisms of matrix cracking, PAN fiber/matrix interface debonding, fiber pull-out and fiber rupture. A significant improvement in the number of blows for first crack initiation and ultimate failure was obtained from the PAN fiber reinforced concrete specimens. The improving in impact energy at first crack initiation and failure varied from 66.7 to 116.7% and 166.7% to 250.0%. The greatest impact toughness of the PAN fiber reinforced concrete specimens was gained by incorporating 1.0 vol.% PAN fibers, which obtained the maximum improvement of 250.0%.
Obviously, the addition of PAN fibers improved the durability performance of concrete, including autogenous shrinkage, chloride penetration resistance, permeability resistance and abrasion resistance performance. With the incorporation of PAN fibers, a magnificent 21.7%, 39.1%, 26.1% and 17.4% reduction of the autogenous shrinkage was obtained. Also, the electric flux and abrasion weight loss of PAN fiber reinforced concrete was decreased and reached to a minimum value for 1.0 vol.% PAN fibers reinforced concrete sample, then started to increase. Compared to the reference sample, the PAN fiber reinforced concrete specimens have a similar permeability depth at early time, and then the permeability depth was less than that of the reference sample after 2 days, which showed a relatively lower permeability rate. The addition of PAN fibers improved the pore parameters and concentrated the matrix, which finally improved the correspondingly performance.
Further research is necessary to obtain better characterizations and more performances need to be explored. The results of this research contribute to the knowledge of PAN fiber reinforced concrete.
